Abstract Most Tracheophyta synthesize-condensed tannins (also called proanthocyanidins), polymers of catechins, which appear in the vacuole as uniformly stained deposits-termed tannin accretions-lining the inner face of the tonoplast. A large body of evidence argues that tannins are formed in recently described thylakoid-derived organelles, the tannosomes, which are packed in membrane-bound shuttles (Brillouet et al. 2013) ; it has been suggested that shuttles agglomerate into tannin accretions. The aim of the study was to describe the ontogenesis of tannin accretions in members of the Tracheophyta. For this purpose, fresh specimens of young tissues from diverse Tracheophyta were cut, gently lacerated in paraformaldehyde, and examined using light, epifluorescence, confocal, and transmission electron microscopy. Fresh samples were also incubated with gelatin-Oregon Green, a fluorescent marker of condensed tannins. Our observations showed that vacuolar accretions (1→40 μm), that constitute the typical form of tannin storage in tanninproducing Tracheophyta, are formed by agglomeration (not fusion) of shuttles containing various proportions of chlorophylls and tannins.
Introduction
Vacuolar tannin deposits were identified more than a century ago in vascular plants (e.g., Klercker 1888; Viala and Sauvageau 1892; Massee 1895). These authors have described them through light microscopy and diverse stainings; however, ontogeny of these deposits and their internal structure were not detailed because of the insufficient resolution of microscopes at the time. Furthermore, since the 1960s until now, they are shown in transmission electron microscopy as entirely osmiophilic spheres without apparent internal structure (e.g., Metcalfe 1941; Reed and Dufrenoy 1942; Chafe and Duran, 1973; Baur and Walinkshaw 1974; Parham and Kaustinen 1977; Müller and Greenwood 1978; Rao 1988; Lees et al. 1995) . They were indifferently designated as vacuolar aggregates, accretions, coacervates, complex bodies, globules, granules, or tannin vesicles without discussing their ontogenesis or inner structure in detail.
After a long period during which tannic deposits were neglected regarding their ontogenesis and inner structure, a recent paper described the formation of condensed tannins in Tracheophyta (Brillouet et al. 2013) : they are synthesized inside thylakoid-derived organelles, the tannosomes, which travel from the plastid towards the vacuole in multiple membrane-bound shuttles. Authors hypothesized that the final vacuolar form of storage of tannins, the tannin accretions (i.e., tannin deposits) resulted from the agglomeration of tannin shuttles. With the aim to improve and complete this recently published model, especially concerning the formation of large vacuolar tannin deposits, a detailed structural study was carried out to describe the ontogenesis of tannin accretions in Tracheophyta.
Materials and methods

Plant materials
Leaflets from fern (Dryopteris sp., Pteridophyta), horsetail (Equisetum arvense L., Equisetophyta), Cycas revoluta Thunb. (Cycadophyta), Ginkgo biloba L. (Ginkgophyta), and persimmon (Dyospiros kaki L., Magnoliophyta, Eudicots), petioles from Chamaerops humilis L. (Magnoliophyta, Monocots), needles from Picea abies L. and scales from Cupressus macrocarpa Hartw. ex George Gordon (Coniferophyta), and pistils and fruits from grapevine (Vitis vinifera L., Magnoliophyta, Eudicots) were collected in the Montpellier City botanical garden.
Light microscopy
Cell contents were released by lacerating specimen sections with needles in 4 % paraformaldehyde in 0.01-M phosphate buffer saline (PBS) for 1 h, then the medium was changed into 0.1-M glycine in PBS for 15 min, and samples were immediately observed. Light and epifluorescence imaging was performed with a Zeiss Axiophot microscope using [I3-FITC filter (λexc=450-490 nm, λem=515-800 nm), or DAPI (4′6-diamidino-2-phenylindole) filter (λexc=340-380 nm, λem=425-800 nm)].
Confocal and epifluorescence microscopy
Confocal imaging was performed with a Zeiss Axiovert microscope 200 M 510 META fitted with a Plan-Apochromat×40/ 1.2 W Zeiss objective. Excitations were obtained for tannins and chlorophyll with a 405-nm blue diode, and emissions were collected for tannins with (505-550-nm bandpass) and for chlorophyll with (>585-nm longpass) filters. Tannins were also visualized with gelatin-Oregon green (Ar laser at 488 nm, bandpass 500-530 nm) (Brillouet et al. 2013 ). Images were processed by Huygens (http://www.svi.nl/HuygensSoftware), then ImageJ (http://rsbweb.nih.gov/ij/) software. 3D-imaging was performed from a stack of spectral acquisition (λexc=405 nm) using Imaris software (http://www.bitplane.com/imaris).
Transmission electron microscopy
For transmission electron microscopy (TEM), specimens were dipped in 50-mM sodium cacodylate buffer (pH 7.0) containing 6 % glutaraldehyde (w/v) (Sironval et al. 1968 ) and 1 % caffeine (w/v) for 6 h, then post-fixed with 1 % osmium tetroxide (w/v) in water for 1 h. After dehydration, they were embedded in Epon EmBed 812. Ultrathin sections (60 nm) were stained with 0.2 % Oolong tea (Sato et al. 2008 ), then visualized by an H-7100 Hitachi transmission electron microscope with 75-kV accelerating voltage.
Results
For this study on the formation of tannin deposits in plants, very young chlorophyllous organs (pistils, immature small fruits, leaflets, and pedicels), in which the rate of formation of tannins is highest, were selected. The study was conducted indifferently on various members of the Tracheophyta (Cycadophyta, Ginkgophyta, Equisetophyta, Pteridophyta, Coniferophyta) and Eudicots and Monocots from Magnoliophyta.
Members of the Tracheophyta described herein exhibited vacuolar tannin deposits (Figs. 1 and 2) which were thereafter designated as tannin accretions (Brillouet et al. 2013) , and which showed various morphologies. Deposits of irregular, or spherical (with or without lacunae), tubular, and punctiform, structures were all observed (Brillouet et al., 2013 ; Figs 1 and 2). Accretions of different appearance could be even found inside adjacent cells from the same tissue (see Fig. 2a ; compare accretions in the central cell and in bottom cells), and could occupy up to the entire vacuolar volume (Fig. 1b) . They were sometimes pierced with holes (see Fig. 3j ) and their size was highly variable from few to several tens of microns. They were also typically and occasionally seen lining the entire tonoplast (Fig. 1e ). They were mostly highly osmiophilic, but occasionally stained in various tones of gray.
Examination of cells from Ginkgo biloba leaflet (Fig. 2 ) revealed a giant tannin accretion (diameter~15 μm) surrounded by several spherical corpuscles (diameter~0.5-1.5 μm), the tannin shuttles (Brillouet et al. 2013 ). Tannosomes could be seen inside and some were already osmiophilic (Fig. 2b) .
After laceration of pericarp from V. vinifera L., tannin shuttles were seen in normal light and epifluorescence microscopy as regular chlorophyllous spheres (diameter~0.5 μm) grouped in vaguely spherical structures (Fig. 3a, c) ; Due to their plastid (chloroplast) origin, the shuttles emitted strong red fluorescence characteristic for chlorophylls ( Fig. 3d ; Brillouet et al. 2013 ) and could be studied by fluorescence microscopy. These chlorophyllous bodies, which were observed in diverse Tracheophyta (e.g., Fig. 3b ), must not be confused with chloroplasts which had far larger sizes and ellipsoidal (non-spherical) morphology (long axis 2-3 mm, short axis 1.5-2 mm). Among groups of shuttles co-existed chlorophyllous and tannin shuttles, the latter strongly fluorescing in blue under the DAPI filter (Fig. 3e) .
Far larger structures, the tannin accretions were seen in epifluorescence microscopy as spheres with chlorophyllous shuttles at their periphery (Fig. 3f-h ) and with intense blue fluorescence in their body (Fig. 3h ). Shuttles were also observed entrapped within an inner lacuna (Fig. 3f, h ). After application of gelatin-Oregon Green, a fluorescent marker of condensed tannins (Brillouet et al. 2013) , accretions displayed numerous positive spherical bodies (Fig. 3i) .
Finally, a giant accretion (40 μm) is shown in Fig. 3j , k which showed numerous chlorophyllous shuttles at its periphery and inside its core and under the DAPI filter, some tannin-containing shuttles fluorescing in blue were also viewed.
Other views of accretions from V. vinifera are presented in Fig. 4 . Being typically spherical, accretions exhibited a wide size range (2-30 μm). Under the DAPI filter (DIC mode) (Fig. 4b ) or in confocal microscopy ( Fig. 4f, g ), they appeared containing numerous particles fluorescing in blue (~0.5 μm), while under Richardson's (Fig. 4c) .
3D-Imaging of the tannin accretion from Fig. 4g is presented in Fig. 4h : shuttles (diameter~0.5 μm; −4,000 in this accretion) were essentially full of tannins (blue spheres), some of them (red spheres) still exhibiting the chlorophyll red autofluorescence. Furthermore, one sees that the inner accretion volume was partly void. Finally, another accretion is displayed in Fig. 4i showing a larger proportion of chlorophyllous shuttles inside the accretion when compared to Fig. 4h .
Discussion
We recently published a model describing the polymerization of condensed tannins in tannosomes, new thylakoid-derived organelles, their encapsulation in shuttles conveying them through the cytosol into the vacuole, and their final agglomeration into tannin accretions (Brillouet et al. 2013 ). However, the agglomeration phenomenon was not finely described.
Tan ni n ac creti ons hav e b ee n k now n in th e Tracheophyta for more than a century (e.g., Klercker 1888; Massee 1895; Metcalfe 1941; Reed and Dufrenoy 1942; Chafe and Durzan 1973; Parham and Kaustinen 1977; Müller and Greenwood 1978; Lees et al. 1995) , and have been shown by TEM as spheres possessing no inner structure; indeed, after osmium post-fixation, their volume appears uniformly deep black. Moreover, they were not further investigated, being only considered as balloons full of phenolics.
Consistent with our former hypothesis (Brillouet et al. 2013) , isolated chlorophyllous shuttles emitted from chloroplasts were seen mostly grouped in vaguely circular structures, and also inside larger structures, the tannin accretions (Fig. 2) . Shuttles (diameter~0.5 μm) were observed at various stages of filling, fluorescing from early and entirely red (chlorophyllous stage) to blue (representing the late tannin-full stage).
The accretions, which result from the agglomeration (not fusion) of shuttles, appeared somewhat surrounded with chlorophyllous shuttles which were also present in lacunae. Confocal microscopy showed that shuttles were tightly packed inside accretions, leaving however empty spaces; depending on the accretion "age," 3D-imaging of a tannin accretion revealed its intimate structure made of myriads of shuttles.
Considering TEM micrographs shown in this work, one must bear in mind that aspects of tannin deposits in plants excessively depend on the protocol of sample preparation (fixation, post-fixation, dehydration, resin embedding, and contrast) (Müller and Beckman 1976) . Introduction of caffeine in fixation solution (Müeller and Greenwood 1978) had been a great advance in ultrastructure of phenolic-containing bodies. However, caffeine does not completely prevent some leakage of phenolics marked with arrowheads. Abbreviation: ch chloroplast; cw cell wall; cy cytosol; la lacuna; pg plastoglobule; sh shuttle; ta tannin accretion; v vacuole in dehydration baths: this result in a partial solubilization of tannins inside accretions which gives the false impression that the tannins form a continuous phase. Finally, tannin accretions (deposits) in the Tracheophyta Fig. 3 Micrographs of fresh tannin accretions from immature grapevine fruits. a A group of chlorophyllous shuttles from Vitis vinifera (normal light); b a group of chlorophyllous shuttles from Dyospiros kaki leaf; c-d a group of chlorophyllous shuttles from Vitis vinifera (c DIC mode; d epifluorescence DAPI filter); e a group of chlorophyllous and tannin shuttles from Vitis vinifera (epifluorescence DAPI filter); note the blue fluorescence of tannins; f-h epifluorescence micrographs showing shuttles both anchored at the periphery of accretion and entrapped in a lacuna; i an accretion with a chlorophyllous lacuna and showing in confocal microscopy numerous shuttles positive to gelatin-Oregon green (Brillouet et al., 2013) ; j-k a giant accretion viewed under j normal light (DIC mode) and k epifluorescence microscopy (DAPI filter): in j, note chlorophyllous shuttles in and out of the accretion (black arrows), small accretions (yellow arrow) around the giant accretion, and a well (red arrow); in k, note groups of chlorophyllous shuttles (white circles) and isolated ones (white arrows); see also tannin shuttles inside (blue arrow). Abbreviation: la lacuna; sh shuttle; ta tannin accretion. must no longer be viewed as reservoirs integrally and homogenously filled with tannins forming a continuous phase, but rather as granular partly void structures made of agglomerates of particles, the tannin shuttles. Fig. 4 Aspects of tannin accretions from Vitis vinifera by light, epifluorescence, and confocal microscopy. a Under normal light illumination: green and yellow arrows show green shuttles and lacunae, respectively. b Under combined DAPI fluorescence and normal light illumination (DIC mode): black and yellow arrows show blue fluorescing shuttles and lacunae, respectively. c Under Richardson's inverted dark-field contrast: white and yellow arrows show shuttles and lacunae, respectively. d-g Confocal images of a 30-μm accretion showing chlorophyllous tannin shuttles inside (e) and tannin shuttles (f); g merged images (e-f). h A confocal image (Fig. 4g) was first processed by Huygens (http://www.svi. nl/HuygensSoftware), then Imaris (http://www.bitplane.com/imaris) software, to generate a 3D model of a tannin accretion; note that few chlorophyllous shuttles are still present. (i) For illustration of (h), a native accretion marked for tannins with gelatin-Oregon green (Brillouet et al., 2013) ; note numerous chlorophyllous shuttles aside tannin-containing green shuttles. Abbreviation: la lacuna; sh shuttle
Conclusion
We have shown that, after formation of proanthocyanidins in the thylakoid-derived tannosomes, their entrapment into shuttles, and subsequent journey through the cytosol, and final incorporation of the shuttles into the vacuole (Brillouet et al. 2013) , shuttles aggregate into tannin accretions. One must question the physiological role of the formation of such huge tannin accretions (within tanning-storing plant cells), and the fact that tannin production is a quite costly, dangerous, and complex process that without being so "precisely" and "cleverly" packed and sequestered in the vacuole (and within the tannosome and shuttle membranes), condensed tannins would fix and denature the enzymes/proteins present in the plastids/ cytosol/vacuoles and would result in cell death. The same process is beneficial when it "kills" the cells wounded (or dying during abscission) or attacked by predators. In that case, tannincontaining cells die, but at the same time have an important role in isolating and protecting other living tissues and cells.
